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Navigating Data Driven Challenges
using Machine Learning

Many-body wave function

Position and
Reciprocal Space Data




“Let there be a topological
superconductor”...




Odd-parity Superconductors

are Topological
(host Majorana Zero Mode)

Review:
Kallin & Berlinsky, Rep. Prog, Phys. (2016),
Alicea, Rep. Prog. Phys (2012)




Majorana bound state in “spinless” SC

@Vortices of p+ip SF mpzero modes at the core
Kopnin and Salomaa PRB (1991)

@ Zero modes are Majorana

» BdG qP’S ’Yrj — Wp;r + vy ’YJ(En) = Yi(—En)

» zero mode: WT (0) = (0)

1

@ Majorana + vortex composite % V

=) non-Abelian Q-bits /5 o@yay

Das Sarma, Tewari, Nayak (06) Stone & Chung(06) Ivanov(01)
Chung, Bluhm, EAK (07)




3D v.s.2D

* Statistical angle (topological spin)

Y (rir2) =0 Y (rar1)
e 2D

» double exchange =1 » 0 can be arbitrary
» 0 =0 (boson), & (fermion) » (abelian) Anyon




A pair of MBS = Q-bit

@D The “fusion” rule and Q-bits

. o @ |
S Sy

: each pair of MBS host a two-state system

@ 2n MBSS

N2n=2"-1 dimensional Hilbert space




Non-Abelian Statistics: Gates

* n- nonabelian gp state @set of Q-bits

exchange of gp’s: rotation

=¥ in d(n) dim
Hilbert space
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Q. Topological Superconductor
material?

Bulk 1D proximity] vlr B vlr vlr

‘[1 Semiconducting wire
X
s-wave superconductor

5.?r1'.:_l:h|'[_"}4

Review:
Kallin & Berlinsky, Rep. Prog, Phys. (2016),
Alicea, Rep. Prog. Phys (2012)




Designing 2D topological SC's

» 2D topological SC
- odd-parity SC of spinless fermions
- Majorana bound state

- Strategies:
1) spinlessness
2) interaction




Strategy |

Manipulate the band
structure




Topological superconductivity in
group-VI TMDs

Yi-Ting Hsu, Abolhassan Vaezi, Mark Fischer, E-AK (Nature
Communications 8, 14985 (2017))




Yi-Ting Hsu Abolhassan Vaezi




Spinless fermion via real space
splitting

» Tlsurface states g

* Proximity
induce topo
SC

Fu & Kane, PRL (2008)
Experiments: Wang et al Science 336, 52 (201\
Xu et al, Nat.Phys 10, 943 (2014) .




Spinless fermion via k-space
splitting?




Monolayer group VI TMD's

MoS,, WS,, MoSe,, WSe,




Band-selective spin-splitting
- Partially filled crystal-field-split d-bands
dZ2>: [ =0

- Conduction band

1

- Valence band ﬁ(

* Spin-orbit coupling [, .

da:2—y2> o
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150~460meV |




lwasa group N. Nano (2014)




k-space spin-split FS?

p-doped group VI- TMD!




Juice for superconductivity?

* d electrons => expect correlation effects

o n-doped

J.T.Ye et al. (Science 2012)




p-doped TMD

k-space spin-split Fermi surfaces
+

Moderate correlation (d-electron)

Topological SC?




» Point group C3v




Implication of spin-valley locking
* Irrep’s of C3v (with full gap)

- If s-wave iIs blocked, f-wave is blocked!!




Two possibilities

* Intra-pocket p+ip * Inter-pocket p’'wave
- - y

-T-breaking -Modulated
- C=2 -C=\pm 1 per pocket




Two-step RG on p-doped TMD

Following Raghu, Kivelson, Scalapino (PRB 2010)




» At scale W: Microscopic model

« At scale Ag: Effective model







Strategy |l

» Manipulate the pairing interaction:
target non-phononic mechanism




Topological Superconductivity in Metal/
Quantum-Spin-lce Heterostructures

Jian-Huang She, Choonghyun Kim, Craig Fennie, Michael
Lawler, E-AK (npj Quantum Materials 2 (1), 64 (2017))




Wanted: non-phononic
mechanism

H Dope a Quantum spin liquid
.“I

RVB singlet Cooper pair singlet




Wanted: non-phononic mechanism

E Use Quantum paramagnet
i

» Characteristic energy scales:
EF E-J., Jk

r

o Perturbative limit:
Ji/ Er<<1

* Spin-fermion model




Spin-fermion model for J_, =0

RKKY interaction Kondo-Singlet

Doniach (1977)




Spin-fermion model for J_ + Frustration
For Jrkky~ Jk2N(0) <dex N0 AFM

SC “riding” on _ |

QSL singlet+Cooper pair
Coleman & Andrei (1989)
Senthil, Vojta, Sachdev (2003)




How to predictively materialize
SCIQPM ?

Simple isotropic metal

= Quantum Spin Ice




Emergent Vector Field in Spin Ice

2-1n 2-out ice rule

Kimura et al (2013)

e VeCtor Fleld <*-'L'1{1. (Q)flb{_QD ~ ) (_‘-'ja.b - EQ{I'TEJ)

]
Propagator

* Spin-spin correlation (SACESAC ISR R
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Quantum fluctuations in spln ice- I||<e Pr22r207

K. Kimura', S. Nakatsuji'<, J.-J. Wen?, C. Broholm>%2, M.B. Stone?, E. Nishibori® & H. Sawa®

* Elastic neutron:
pinch points
(spin-ice like)

(,4S q) 5P/op %/

* |nelastic neutron:
over 90% weight
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Quantum fluctuations in spln—lce I||<e Pr22r207

K. Kimura', S. Nakatsuji'<, J.-J. Wen?, C. Broholm>%2, M.B. Stone?, E. Nishibori® & H. Sawa®
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* No order down * Spin fluctuation scale
to 20mK ws=0.17meV




Effective Continuum Theory

<5>=0
<5,(t) 5{(0)>#0




Selection Rule Dictated Odd-Parity

* Pair binding problem with dipole-dipole interaction

. N |
Vig = .,,.,—3151 . Sy — 3(Sy - #)(Sy - M) x RP (71, 73) - SP (384, 89)

* Wigner-Eckart thm: §aiE Rl e g O

C D
Cooper pair |‘ * >-| *$>= | S=0> Cooper pair |$ ‘ >i| S=1>
| qua!rupolar mode _ g quadrgpojl;r mode
Cooper pair |‘*>- |*$>=|S:O> (5=2) Cooper pair |$ $ >=|85=1> (s=2)
|2-1]1<1<2+1




Dealing with electrons?

Hin () = —(Jrv2,,/2h) Z/dt’/d2rd2r’sa(r,t (S,(r,0,t)Sy(r',0,t"))s
ab

» Separation of scale: ws/EF <<1
= “Migdal theorem”

DI CIaRI [ a1 CEERE oM \ ~ V(0O)V ~ JEN(0)/Jox < 1

* Full problem =

solving the BCS mean-field
theory 7T ~ w. e /A




Leading channels

% odd panty
& aven panty




